The results of studies on the thermal decomposition of potassium chlorate(VII) (PP) and the catalytic effects of copper, iron, nickel, titanium, magnesium, chromium and manganese oxides on the process are presented in this paper. The investigated oxides are ranked according to the magnitude of their catalytic effect; of these, CuO and МnО2 show the best catalytic performance. These oxides reduce the PP decomposition temperature from 919.3 K down to even 825.2 K. The share of the catalytic additive in the composition, required to achieve a desirable thermal decomposition profile, was found to be no more than 0.5 wt.%. The activation energy of the decomposition process was determined, using the modified Freeman and Carroll method for both neat PP and PP supplemented with MnO2; the addition of the catalyst produced a 48.8% decrease in the activation energy of thermal decomposition.
Experimental
The preliminary preparation of compositions in the laboratory consisted of the following steps: drying, sieving and mixing. Moisture is of great importance in composite explosives, as it affects the clumping of the explosives, their efficiency and sensitivity to initiating stimuli.
PP is only marginally hygroscopic, but is commonly contaminated with hygroscopic sodium chlorate(VII). Consequently, for use in explosives, the humidity of such an oxidising agent must be controlled and cannot exceed 0.2 wt.%. To ensure this, the batch of PP (Altaikhimprom) was dried at a temperature of 358 K for 3 h. Afterwards, the PP was sieved to exclude any grains larger than 100 μm. The purity grades and relevant regulations on the possible contaminants for PP and the metal oxides used are given in Table 1 . Metal oxides, if necessary, were dried and rubbed through a sieve with an opening diameter of 50 μm. Mixtures containing 97 wt.%. of PP and 3 wt.% of one of the investigated oxides were prepared by mechanical mixing.
In this study we used differential thermal analysis (DTA) to follow the thermal decomposition of PP. Simultaneously, thermogravimetric (TG) measurements were carried out, allowing changes in the mass of the sample to be recorded as a function of temperature [10] . The temperature scan rate used for the measurements was 10 K/min. Each sample had a mass of 200 mg and was heated from room temperature (20 °C, 65% relative humidity) to 700 °C in an open quartz vessel (volume of the vessel: 0.5 cm 3 ). The experimental uncertainty values of the instrument were: ±1 K, ±0.02 g and ±2.2 J/g respectively for temperature, mass sample change and enthalpy baseline stability.
The parameters of PP thermal decomposition were determined using a "Thermoscan-2" instrument (see «Аналитприбор», St. Petersburg, 2012).
Results

Differential thermal analysis of potassium chlorate(VII) decomposition
Neat PP, lacking any catalytic additives, was used as the base for comparing the catalytic effects of the various metal oxides investigated. The simultaneous TG/DTA analysis was carried out in air, at a heating speed of 10 K/min, with a sample mass of 200 mg. A sample of aluminium(III) oxide (α-Al 2 O 3 ), which undergoes no changes in the temperature range of 288-1273 K, was used as the external reference material for these measurements. The measurements were conducted in the temperature range of 293-973 K, with the results being obtained as graphical plots -thermograms. Due to the various processes taking place in the samples on heating, both endo-and exothermic peaks were observed on the thermograms. These peaks were annotated with the temperatures, at which they occurred (Figure 1 ), the corresponding transitions were identified and their enthalpies were calculated.
Following the DTA-TG investigation of neat PP, samples "contaminated" with each of the abovementioned metal oxides were tested under the same conditions. Sample thermograms, for neat PP and for PP containing 3 wt.% CuO, are shown in Figure 1 .
It is no less important to establish the smallest amount of the catalyst that needs to be introduced into PP in order to successfully modify the thermal decomposition profile, in turn augmenting the operational parameters of the explosive composition based on the PP-catalyst system. This was done in our previous work [11] for manganese(IV) oxide, MnO 2 , which is a rather effective catalyst for PP decomposition. Similar results were obtained for the other metal oxides investigated in this work. Consequently, a metal oxide content of 0.5 wt.% or even 1.0 wt.% might be sufficient to investigate their effects on the The temperature ranges, in which physical and chemical transitions take place for each of the investigated samples, are listed in Table 2 , along with the calculated enthalpies of these processes. The different PP-metal oxide compositions have been arranged according to their decomposition onset temperatures, a parameter used as an initial, rough measure of the catalytic activity of the investigated oxide.
The abovementioned experiments, monitored by DTA-TG, revealed that once a catalyst had been introduced into PP, the thermal decomposition temperature decreased by up to 100 K in comparison to that of neat PP. The magnitude of this decrease appeared to stabilise at a metal oxide content of ~0.5 wt.%, and further increase of the catalyst content had no discernible effect on the thermal properties of the samples. Interestingly, it was necessary to use a relatively fine catalyst and care must be taken to ensure uniform distribution of the catalyst in the composition.
The data summarised in Table 2 is in line with what has been reported in the literature for these and similar oxides [8, 9] . The thermal decomposition parameters presented in Table 2 reveal that the PP phase transition from the β-to the α-structure occurs at temperatures around 573 K, with the addition of An interesting observation was that, contrary to expectations, the d-block metal oxides are not necessarily the most active catalytic systems, with magnesium oxide showing the third lowest decomposition onset temperature. Similarly, the activity of silicon(IV) oxide is higher than would be expected; we had initially intended this compound to be a "blank sample", due to its excellent thermal stability and very low reactivity. Although its addition decreases the PP decomposition onset temperature by only 30 K, this effect is still more significant than the effects of titanium oxide and zinc oxide, both being d-block metal oxides. In light of these "irregularities", we can assert that the mechanism underlying the catalytic activity of metal oxides in the decomposition of PP is not solely dependent, if dependent at all, on interactions with d orbital electrons of a transition metal and is likely based on another phenomenon.
Another matter of interest is that copper(II) oxide appears to be a more efficient catalyst than copper(I) oxide, even though the latter would be expected to readily react with PP, at temperatures far lower than 803 K, undergoing oxidation to produce copper(II) oxide.
Determination of the activation energy using the modified Freeman and Carroll method
Due to the simultaneous DTA and TG measurements, the thermograms of the thermal decomposition of potassium chlorate(VII) presented in the earlier section can be used to provide an insight into the kinetics of the processes occurring in the samples. The modified Freeman and Carroll method [12] is one of the most commonly used methods for determining the kinetic parameters of the thermal decomposition of pyrotechnic compositions, and is based on mathematical processing of the recorded thermograms. Other methods of analysis [13] can also be used to provide information about other parameters; these however are less common and, for the purpose of our investigation, are all but equivalent to the Freeman-Carroll (FC) method. The advantage of the FC method is that for a continuous study of kinetics in a wide range of temperatures, only a few data points are required. The main drawback of the method is that the decomposition rate is determined by calculating the slopes of tangents to the experimental curve, which details changes in the mass of the sample during the decomposition process, significantly increasing the experimental uncertainty.
According to this method, for a certain decomposition rate of the condensed substance, PP in our case, at a temperature T, the following equation holds true at a given time:
,
where: P T -decomposition rate of PP, mg/K; q -heating rate, K/min; Z -preexponential factor; W -mass of the sample consumed in the reaction, mg; n -order of the reaction; E A -activation energy, J/mol·K; R -gas constant, 8.314 J/mol. This equation can be transformed into a linear form in order to allow its use to determine the value of E A based on the rate of decomposition: (2) Using this equation, the activation energy of the thermal decomposition of PP was calculated using the changes in the mass of the sample (TG) observed in the temperature range corresponding to decomposition, until a constant sample mass was achieved, which signified the completion of the decomposition process. For this purpose, four points were chosen on this part of the curve and the temperature corresponding to each point was determined, as were the decomposition rates at each point. The dependence of log(P t ) on 1/T was then plotted, allowing the activation energy to be calculated from the slope of the plot (Figure 2) .
The relevant numerical data are listed in Table 3 . Table 3 .
The values of the parameters used for defining the activation energy of the decomposition process of neat PP No. The following formulae were used for the calculations:
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where: Рτ i -rate of transformation, mg/min; q -heating rate, 10 K/min.
Then, knowing that log(P) = f(1/T), the slope of the curve can be used to calculate the activation energy, as indicated below and in Figure 2 . The value of the tangent of the β angle was extracted from the linear equation of the graphic dependence (using Equation 2, y = log(P T ), a = −E A /R, x = 1/T, b = log(Z·W n /q), and knowing that for the graphical plot tg(β) = −a). Based on the given linear equation, the value for the data shown in Figure 2 was 87.4°, therefore:
The activation energies of the thermal decomposition of the explosive compositions consisting of 97 wt.% potassium chlorate(VII) and 3 wt.% of a metal oxide were subsequently determined using the same methodology for each of the investigated compounds. The relevant numerical values are listed in Table 4 . 
Summary and Conclusions
In summary, all of the investigated systems showed different levels of catalytic activity towards the process. Our findings are generally in line with those reported in the literature and, particularly for Fe 2 O 3 , with the results of Jinn-Shing Lee and Chung-King Hsua [9] . Our earlier studies have also confirmed that only marginal changes in the thermal features of the process occur above a catalyst content of approx. 0.5 wt.%., making it an optimal threshold in terms of cost-efficiency. Based on the acquired DTA-TG data, the metal oxide catalysts were ranked in terms of their impact on the thermal decomposition of potassium chlorate(VII). Starting with MnO 2 as the most active catalyst, the order is as follows: MnO 2 , CuO, MgO, NiO, Cu 2 O, Cr 2 O 3 , Fe 2 O 3 , SiO 2 , CaO, TiO 2 and ZnO. In terms of activation energy, a similar order was found, differing in the fact that the activation energy of the composition containing titanium(IV) oxide was lower than that of silicon(IV) oxide, but the sequence of oxide activity was otherwise the same. This sequence should be compared with the electron configurations Copyright © 2018 Institute of Industrial Organic Chemistry, Poland of the metal (or metalloid, in the case of SiO 2 ) atom of each of the investigated oxides, as given in Table 5 below. Interestingly, in both types of evaluation, oxides of metals that have no d electrons or orbitals were found to be at least comparable in catalytic activity to the oxides of d-block metals. This evidence is not directly contrary to the aforementioned supposition that the presence of atoms with partially filled d-orbitals helps catalyse the decomposition of PP, but it demonstrates that systems, which, on the basis of Lee and Hsua's work [9] , would not be expected to act as catalysts of PP decomposition, exhibit noticeable catalytic activity in that process. As such, we postulate that another mechanism, apart from d orbital interaction, underlies the results obtained. Although further investigation will be required to verify this, we suspect that the thermal features of the individual metal oxides are a significant factor, as the decomposition temperatures often coincide with the temperatures of their polymorphic or even phase transitions (as in the case of MnO 2 , whose melting point is at ≈808 K).
